Introduction
Cardiac allograft vasculopathy (CAV) is a unique yet quite universal disease process after heart transplantation. In distinction from coronary atherosclerosis, which is marked by focal, eccentric fibro-fatty atheroma, CAV is thought to involve the entire coronary vasculature diffusely with marked intimal proliferation and concentric vascular thickening and fibrosis. 1, 2 Typically, cardiac transplant recipients do not experience angina but may present with left ventricular dysfunction as a consequence of myocardial ischaemia. Thus, CAV is an important modulator of cardiac allograft function and is the leading cause of morbidity and mortality in heart transplant recipients. 3 This underscores the need for early clinical detection and characterization of this prognostically important disease.
Routine surveillance for CAV has been advocated with coronary angiography as the strategy of choice. 4 However, angiography provides only a reflection of the luminal dimensions, which can appear relatively preserved even with an extensive burden of vascular disease. Intravascular ultrasound (IVUS) was introduced to assess the coronary vasculature in a cross-sectional manner allowing earlier detection of CAV at the stage of intimal thickening. 5 Optical coherence tomography (OCT) is a novel intracoronary imaging technique using an optical analogue of ultrasound which has a resolution of 10-20 mm which is 10 times greater than IVUS. Optical coherence tomography has been shown, using histological controls, to have a sensitivity and specificity of 92 and 91%, respectively, for the detection of lipid-rich plaques in native coronaries 6 and can provide more accurate information on plaque characteristics. 7, 8 Most recently, Garrido et al. 9 have compared OCT to IVUS for the measurement of maximal intimal thickness (MIT) and luminal area in 21 patients with CAV showing good correlation but better inter-observer variability with OCT. Hou et al. 10 demonstrated higher sensitivity of OCT than IVUS for early detection of CAV in seven patients. The current study was designed to characterize CAV with OCT so as to provide further insight into the disease process with potentially important implications for therapy and clinical outcomes.
Methods
After approval by the Mayo Clinic Institutional Review Board, heart transplant recipients who were scheduled to have routine yearly CAV screening with coronary angiography and IVUS at the Mayo Clinic, Rochester, MN, USA, were approached to obtain informed consent for OCT of the left anterior descending (LAD) coronary artery. All cardiac transplant recipients ≥18 years of age were eligible for study inclusion unless they had chronic kidney disease ≥stage IV (GFR ,30 mL/min), active infection, active rejection, or were unable to give informed consent. Between August 31st 2011 and April 26th 2012, a total of 62 subjects were enrolled in this study. One subject did not have OCT due to technical difficulties and eight subjects were excluded from the final analysis because of poor image quality secondary to inadequate blood washout with contrast. The remaining 53 subjects were included in the study and divided into three pre-specified groups according to time after transplant: 0 -3 months (group 1, n ¼ 6), 12 -36 months (group 2, n ¼ 19), and ≥48 months (group 3, n ¼ 28). Demographic and clinical patients' data were obtained from the medical records. Six-month rejection scores on group 2 and 3 patients were performed to quantify early cellular rejection as previously described. 11 The proximal 30 mm of the LAD was analysed and divided longitudinally into three segments of 10 mm each (n ¼ 156). 10, 12 Segments with CAV plaque on IVUS were analysed by OCT for specific CAV morphological characteristics within the framework of three groups according to follow-up time after heart transplantation: (i) 0 -3 months (n ¼ 18), (ii) 12 -36 months (n ¼ 55), and (iii) ≥48 months (n ¼ 83).
Image acquisition
After routine coronary angiography and the administration of 100 -200 mg of intracoronary nitroglycerine and i.v. heparin for an activated clotting time of 250-300 s, a 0.014 inch guide-wire was advanced into the distal segment of the LAD artery. Intravascular ultrasound images were recorded (s5 IVUS TM system, Volcano Corporation, Rancho Cordova, CA, USA) for offline analyses from the mid-LAD coronary artery (at least 30 mm distal to the ostium of the LAD) to the left main coronary artery with an automated pullback system at a speed of 0.5 mm/s using 2.9-F, 20-MHz, phased array IVUS catheters (Eagle Eye Gold TM , Volcano Corporation). Subsequently, the IVUS catheter was replaced with a 2.7F OCT catheter (C7 DragonFly TM , St Jude Medical, St Paul, MN, USA). During contrast injection for the clearance of blood (14 mL at 4 mL/s power injection or by manual injection according to operator preference), OCT images (C7-XR TM system, St Jude Medical) were recorded from at least 30 mm distal to the ostium of the LAD to 54 mm proximally at a pull-back speed of 20 mm/s and a frame rate of 100/s and were stored digitally for subsequent offline analysis.
Image interpretation
Cardiac allograft vasculopathy by coronary angiography was defined as any angiographically detected lesion in any part of the coronary tree. It was furthermore classified in accordance with the International Society of Heart & Lung Transplantation (ISHLT) guidelines 4 7, 8, 18 Maximal intimal thickness was defined as the distance from the leading edge of the intima to the external elastic membrane. 19 For every 10 mm segment of LAD, we diagnosed CAV by OCT if there was an intimal thickness of ≥0.3 mm (or when the external elastic membrane could not be visualized such as in lipid pools, as plaque that disrupted the normal three layers of intima, media, and adventitia) which extended over at least 1. Figure 1A ). Heterogenous signal poor and signal-rich regions which were sharply delineated with low attenuation were considered calcium depositions ( Figure 1B) . Lipid pools were defined as homogenous, diffusely bordered, signal poor regions with overlying signal-rich bands (corresponding to a fibrous cap) ( Figure 1C ). Thin-cap fibroatheroma was defined as a large lipid pool (two or more quadrants) covered with a thin (,65 micrometre) fibrous cap ( Figure 1D ). Macrophage image was defined as signal-rich regions on plaque surfaces accompanied by attenuation ( Figure 1E ). Microchannels were defined as sharply delineated signal-poor tubuloluminal structures that could be followed on three consecutive frames ( Figure 1F ). Intimal laceration was characterized by severe irregularity of the superficial intimal lining without frank rupture ( Figure 1G ). Plaque rupture was defined as disruption of the intimal fibrous cap with an underlying empty cavity ( Figure 1H ). Intraluminal thrombus was defined as a protruding mass attached to the luminal surface ( Figure 1I and J ). Layered complex plaque was defined as a heterogenous signal region in the intima in a layered pattern with low attenuation. The luminal surface was concave and could be smooth or irregular and the abluminal aspect frequently had microchannels ( Figure 1K and L).
Statistical analysis
Continuous variables are presented as means + standard deviation or median (inter-quartile range) as appropriate and discrete variables are summarized as frequency (group percentage). Comparisons between groups were made using the analysis of variance or Kruskal -Wallis test for continuous variables and Fisher's exact test for discrete variables. McNemar's test was used to test whether CAV was diagnosed more often with one modality over another. A Bland -Altman plot was used to test correlation between OCT and IVUS for MIT. Linear or logistic regression was used to test associations after adjusting for years after transplant. The Kappa statistic was used to define the level of intra-and inter-observer agreement. All tests are two-tailed with a 0.05 significance level. Analyses were completed with JMP9 software (SAS Institute, Inc., Cary, NC, USA).
Results
The patient characteristics are shown in Table 1 . The population was predominantly Caucasian with an average age of 53 years. More than two-thirds of the subjects were male. The most common reason for heart transplantation was dilated cardiomyopathy followed by ischaemic cardiomyopathy. Patient groups by time from heart transplantation did not differ in demographics, donor age, or cold ischaemic time. Differences in calcineurin inhibitor and sirolimus A. Cassar et al. usage are explained by our practice to change heart transplant patients from a calcineurin inhibitor to sirolimus after 6 months. Aspirin use was low (26%) and statin use increased with time from transplant from 67% in group 1 to 96.4% in group 3.
The characteristics of CAV by angiography, IVUS, and OCT per patient analysis are shown in Table 2 and Figure 2 . More patients were diagnosed with CAV by OCT than by angiography (72 vs. 47%, P , 0.001) but OCT was not superior to IVUS in this regard (both 72%, with 100% agreement for diagnosing CAV using definitions above). The ISHLT score of 1 by coronary angiography included patients with a wide range of CAV volume indexes on IVUS [1.7-12.2 mm 3 /mm, median 7.7 (5.2, 9.6) mm 3 /mm].
The characteristics of CAV by IVUS and OCT per segment analysis are shown in Table 3 and Figure 3 . There was very strong correlation (r ¼ 0.85) between OCT and IVUS measurements of MIT (mean difference 20.05 + 0.03 mm, P ¼ 0.10) in segments where measurements could be taken in both modalities (n ¼ 36). Cardiac allograft vasculopathy provided important additional information on the prespecified 10 CAV characteristics. All 10 CAV characteristics by OCT were significantly (all P , 0.001) associated with increasing CAV volume index by IVUS. There were no differences by OCT in the prevalence of CAV or any of the 10 characteristics between the first, second, and third 10 mm segments. The prevalence of atherosclerotic characteristics such as eccentric plaques, calcification, and lipid pools increased from 6, 0, and 6% in group 1 to 78, 42, and 61% in group 3, respectively (all P , 0.001). The prevalence of vulnerable plaque features such as thin-cap fibroatheroma, macrophages, and microchannels increased from 0% in group 1 to 12, 29 and 33% in group 3, respectively (P ¼ 0.19, P ¼ 0.006, and P ¼ 0.003). Complicated coronary lesions such as intimal laceration, intraluminal thrombus, and layered complex plaque increased from 0% in group 1 to 18, 19 and 57% in group 3 (P ¼ 0.009, P , 0.001, and P , 0.001). Plaque rupture was identified in 4% of group 3 segments. The median number of cross-sectional slices with macrophages and microchannels per 10 mm segment (50 slices) was 9.0 (6.0, 17.8) and 12.0 (6.0, 20.0), respectively. Kappa statistic for intra-observer and inter-observer variability for macrophage images was 0.92 and 0.87, respectively. Complicated lesions were associated with vulnerable plaque features as follows. Lesions with intimal laceration were more likely to have a thin-cap fibroatheroma (P , 0.001) or a macrophage image (P , 0.001) than those without. Microchannels and macrophages were identified more frequently in lesions with layered complex plaque compared with those without (both P , 0.001).
In lesions with intraluminal thrombus (n ¼ 16) ( Figure 1I and J ), two lesions (12.5%) had OCT evidence of plaque rupture ( Figure 1H ) and the other 14 patients (87.5%) had no evidence of plaque rupture and are presumed to have had plaque erosion. 7, 8 Of these 14 lesions with presumed plaque erosion, 9 lesions (56.3%) had OCT images in keeping with intimal laceration (Figure 1G ). All the patients with intraluminal thrombus (n ¼ between patients who were transplanted for ischaemic cardiomyopathy and patients who had other indications for heart transplantation. However, patients transplanted for ischaemic cardiomyopathy had a higher prevalence of intraluminal thrombus by OCT (36.4 vs. 9.5%, P ¼ 0.048) even after adjusting for years after transplantation (P ¼ 0.019). Patients diagnosed with CAV by OCT had a higher mean transplant donor age than patients without CAV (34.8 + 13.7 vs. 22.8 + 5.3 years, P ¼ 0.002) which remained significant after adjustment for years after transplantation (P ¼ 0.002). Left ventricular ejection fraction by echocardiography was significantly lower in patients with than without CAV (61.6 + 6.1 vs. 65.1 + 3.1%, P ¼ 0.043). There was no association between 6-month rejection score and CAV or macrophage image (P ¼ 0.20 and P ¼ 0.33, respectively) even after adjustment for years after transplantation (P ¼ 0.28 and P ¼ 0.59, respectively). There was no association between immunosuppressive agent (calcineurin inhibitor vs. sirolimus) and CAV or macrophage image (14 vs. 24%, P ¼ 0.13 and 23 vs. 26%, P ¼ 0.80, respectively) even after adjustment for years after transplantation (P ¼ 0.63 and P ¼ 0.77, respectively).
Discussion
The current study is the largest study using high resolution OCT imaging to characterize the presence of CAV characteristics in heart transplant patients. Optical coherence tomography reveals CAV disease aspects that extend far beyond the current concept of diffuse concentric and fibrosing vasculopathy. Features typical of atherosclerosis such as eccentric coronary artery lesions, calcification, and lipid pools were observed. Moreover, vulnerable lesion features such as thin-cap fibroatheroma, macrophages and microchannels were identified and complicated coronary lesions such as layered complex plaque and intraluminal thrombus became increasingly prevalent with time from heart transplantation. Intraluminal thrombi were more commonly associated with intimal laceration (possibly due to plaque erosion) rather than plaque rupture. These novel findings challenge the current pathophysiological concept of CAV and might have important implications for the management of heart transplant patients.
The longitudinal diffuse nature of CAV was confirmed by OCT in this study as there were no differences in the prevalence of CAV or any of its characteristics between the first, second, or third 10 mm segments in the LAD. However, while diffuse concentric fibrotic changes were noted in some segments of the examined coronaries, in patients ≥48 months after transplantation, classic characteristics of atherosclerosis such as eccentric plaques, calcification and lipid pools were highly prevalent. Furthermore, OCT images possibly indicative of plaque vulnerability were also present. These features include thin-cap fibroatheroma, which started to emerge ≥12 months after heart transplantation. Another characteristic of such ''vulnerable'' lesions is the macrophage image. Optical coherence tomography can identify a high burden of macrophage infiltration . ............ ............ ............ ............ ........... ............ ............ ............ ........... ............ ............ ............ ........... ............ . ..... and in this study we found this to be present in nearly 30% of segments ≥48 months out from heart transplantation. Macrophages can influence vascular stability in many ways (cytokine production for matrix deposition or proteolytic enzyme production for intimal erosion) and are of key interest at the interface of innate and adaptive immune response. Optical coherence tomography studies on native coronary artery disease have shown that the macrophage image is associated with plaque instability 20, 21 and plaque progression. 18 Our study showed an association of macrophages with both intimal laceration as well as complex layered plaque. Furthermore, plaque progression and vulnerability in native atherosclerosis has been associated with prominent plaque neovascularization 18, 22 which may supply inflammatory cells, cytokines or result in microvascular leakage into the plaque. Optical coherence tomography is unique in its capability to visualize microchannels 7, 8 which were present in one-third of segments ≥48 months after transplantation. This study also found an association between microchannels and layered complex plaque confirming the importance of neovascularization in advanced atherosclerotic disease. A disintegration-thrombosis theory for CAV similar to that in native atherosclerosis can be entertained further based on the observation of intraluminal thrombus on OCT. 23 Histologically, intraluminal thrombosis is most likely due to plaque erosion or plaque rupture. 24 Most lesions with intraluminal thrombosis also had OCT images in keeping with intimal laceration which was defined as severe irregularity of the superficial intimal lining without frank rupture. It is possible that not all plaque erosions can be imaged by OCT due to the spatial resolution limitation which is less than one endothelial cell dimension. Plaque rupture remains another possibility, and indeed, was observed in the current study as well but less commonly. These observations would suggest that the prevailing mechanism of coronary artery thrombosis in CAV may be plaque erosion. This is in contrast to native coronary atherosclerosis, in which OCT has shown plaque rupture to be more common than plaque erosion in patients with acute coronary syndrome. 23 Of particular interest is the visualization of multi-layer patterns within areas of intimal thickening by OCT, which we describe as layered complex plaque. These lesions became highly prevalent in patients ≥48 months from transplantation and are in keeping with alternating layers of elastin and dense collagen enriched by smooth muscle cells and proteoglycans, a pathological hallmark of repeated healed intimal erosions after thrombosis as described by Virmani et al. 25 Indeed, the same group proposed repeated thrombosis (in the setting of plaque rupture) as a cause of coronary atherosclerosis progression based on pathological specimens of men with sudden cardiac death. 26 Autopsy studies in coronaries of transplanted hearts by Arbustini et al. 27, 28 confirmed a high prevalence (63 -83%) of coronary thrombi, of which 77% were non-occlusive mural thrombus. These mural thrombi were layered on discontinuous or absent endothelium without atheromatous lesions, suggesting repeated plaque erosion as the likely underlying mechanism in CAV. 29 We believe that the current study lends support for those pathological observations for the very first time in humans in vivo, made possible by the high spatial resolution of OCT. The current observations may have important clinical implications. If, indeed, CAV has similarities to atherosclerosis with thrombosis as a key element, the role of antiplatelet therapy needs to be evaluated for the management of heart transplant patients with CAV for prevention of cardiac events. Also, there is increasing prevalence of lipid pools with time from transplant indicating the importance of intensive lipid-lowering therapy in this patient population. 30 
Study limitations
This study has several limitations including the small study population and cross-sectional design. Longitudinal follow-up of patients would provide more information for the progressive nature of the disease. Immunosuppressive agent use differed among groups with time after transplantation. We acknowledge the lack of direct correlation of OCT with histology in this study allowing for possible misinterpretation or overinterpretation of plaque characteristics such as discerning calcifications from lipid pools. 31 Assessment of macrophage image lacks validation studies without use of dedicated algorithms on raw OCT data. 7 The sensitivity of OCT falls below the dimension of individual endothelial cells and therefore the diagnosis of plaque erosion cannot be based on the direct visualization of loss of the endothelial layer but rather as lack of fibrous cap rupture identification beneath thrombus by OCT. 7, 8, 29, 32 Furthermore, thrombi may reduce the ability to assess underlying structures. Optical coherence tomography is an ideal imaging tool for tissue characterization but has limited penetration depth making total vasculopathy volume as well as deep plaque features (such as beyond lipid pools) difficult to assess. We used IVUS as a complementary imaging tool in this study to overcome this limitation. Limited penetration depth can result in thick fibrous plaques having similar appearance to lipid pools but all lipid pools in our study had cap thickness ,300 mm (mean 130 + 65 mm) making overdiagnosis of lipid pools unlikely.
Conclusions
The current study gives new insight into CAV with OCT that extends far beyond the current concept of concentric and fibrosing vasculopathy, that is, the development of atherosclerosis with vulnerable plaque and complicated coronary lesions such as intraluminal thrombus. This might have important implications for the management of heart transplant patients.
